ABSTRACT: Data from 54 hybrid (mainly Large White × Landrace) pigs (18 boars, 18 gilts, and 18 barrows) were used to quantify and mathematically describe the differential growth and development of body components of live pigs. The pigs were 32.4 ± 3.2 kg of BW and 70 ± 1 d of age (mean ± SD) at the beginning of the study, were individually penned and fed ad libitum, and were weighed weekly. Computed tomography (CT) imaging was used to determine the weights of lean, fat, bone, and skin tissue in the live pig at 30, 60, 90, 120, and 150 kg of BW. For each target BW, the sum of all the weights of the body components, as assessed by CT, was referred to as CT BW. Linear and nonlinear models were developed to evaluate the patterns of growth and development of each body component relative to CT BW. The correlation between the actual BW and CT BW was close to unity (r = 0.99), indicating that CT scanning could accurately predict the BW of pigs. Across sex and castrate status, percentage of fat (fat weight/CT BW) in the pig was least (11.2%) at the 30-kg target BW and continued to increase to 22.6% by the 150-kg target BW. Percentage of lean, however, was greatest (67.2%) at the 30-kg target BW and continued to decrease to 53.4% by the 150-kg target BW. The sex or castrate status × target BW interaction was significant (P < 0.05) for all the body components, indicating that the developmental patterns were different among sex or castrate status. Barrows were fatter relative to gilts, which in turn were fatter than boars. For lean, the observed pattern for sex or castrate status differences was opposite that for fat. To predict responses to management strategies on growth and development in pigs, accurate mathematical models are required, and the results of this study indicate that the nonlinear (e.g., augmented allometric and generalized nonlinear) functions provided better descriptions of the growth and development of most body components of the live pig than did the simpler (e.g., linear and allometric) models.
INTRODUCTION
The body of most mammals, including pigs, is made up predominantly of muscle (lean), bone, and fat tissues, and these grow and develop at different rates. The economic value of pig carcasses depends on the relative proportions of these body components; hence, knowledge of their changes over time is essential for improving the efficiency of pig production (Akridge et al., 1992; de Lange et al., 2003) . Traditionally, these body components have been studied through the serial slaughter of pigs across several BW or age ranges, followed by physical dissection, chemical analyses of the components, or both (e.g., Whittemore et al., 2003) . The degree of complexity, labor, number of animals, and cost of using the serial slaughter techniques are high, hence limiting the number of comprehensive studies on the growth and development of body components. Computed tomography (CT) can be used for detailed examination of body components in live animals at different stages of their growth with a great degree of accuracy, as reviewed by Szabo et al. (1999) . Computed tomography scanning, a nondestructive technique, is based on the fact that different body tissues attenuate X-rays at different rates.
Unlike the serial slaughter technique, the use of CT scanning offers the advantage of using the same animal across several BW or age ranges, or both, hence reducing the number of animals and labor requirements for such body component studies.
Several approaches have been used in the study of body component growth and development. The 2 most common approaches are temporal growth (increase in size per unit of time; e.g., Kouba et al., 1999) and differential growth (allometry, changing proportions of body components; e.g., Wagner et al., 1999) . The objective of this study was to quantify and mathematically describe the differential growth and development of body components of live pigs by using CT scan data.
MATERIALS AND METHODS
The project was approved by the Elizabeth Macarthur Agricultural Institute (EMAI) Animal Ethics Committee, and all animals in the project were managed according to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC, 2004) .
Animals and Management
This study is the longitudinal study component of the major pig energetics project at the EMAI in Camden, Australia, described by Arthur et al. (2008) . The study was replicated in time, with the first replicate conducted in 2003 and a second replicate conducted in 2005. For each replicate, a total of 27 hybrid (mainly Large White × Landrace) pigs, comprising 9 boars, 9 gilts, and 9 barrows, were used in the longitudinal study. The study began when the pigs were approximately 32.4 ± 3.5 kg of BW (mean ± SD) and 70 ± 1 d of age. The pigs were housed in individual pens in rooms maintained at 22°C. Fresh feed was weighed and offered daily, but the weighback of unconsumed feed was conducted at intervals of 1 wk. Water was provided by nipple drinkers. Feed was available to each pig for ad libitum consumption, and feed intake and BW were recorded at weekly intervals. The source, selection, feeding, and management of the pigs have been described in detail by Arthur et al. (2008) .
CT
Changes in body components were measured by CT with a Picker PQ 2000 spiral CT scanner (model PQ 2000, Philips Medical Systems, Picker International Inc., Highland Heights, OH) at EMAI. Each pig was scanned at target BW of approximately 30, 60, 90, 120, and 150 kg. For logistical reasons, the pigs could not be CT scanned at the exact target BW. The target BW was therefore used as a reference point, but the statistical analyses used the actual BW at CT scanning, referred to as the BW at CT.
The pigs had access to feed and water before CT scanning. For CT scanning, each pig was taken from its pen, weighed, restrained with a nose snare, and anesthetized with a mixture of ketamine (100 mg/mL; Ketamil, Ilium Veterinary Products, Troy Laboratories Pty Ltd., Smithfield, New South Wales, Australia) at 10 mg/kg of BW and xylazine (100 mg/mL; Xylazil, Ilium Veterinary Products, Troy Laboratories Pty Ltd.) at 1 mg/kg of BW, by i.v. injection into an external jugular vein. This ensured that the pig was immobilized for approximately 30 min to minimize artifacts in the CT images attributable to movements of the pig. After CT scanning, each pig was given an i.v. injection of 5 to 10 mg of yohimbine [10 mg/mL; Reverzine, Parnell Laboratories (Australia) Pty Ltd., Alexandria, New South Wales, Australia] via the ear vein to reduce the risk of paralytic ileus. Each pig was monitored until it could stand (usually within 30 min of yohimbine administration) and then walked back to its pen. The whole process of taking the pig from its pen for weighing, anesthetizing, CT scanning, and returning it to its pen took approximately 90 min. Feeding activity was usually observed within 30 min of the pig returning to its pen.
The CT scan provided cross-sectional images along the whole body at intervals of 10 mm. The total number of cross-sectional CT images obtained per pig ranged from 110 in a 30-kg pig to 150 in a 150-kg pig. The body components can be recognized from the image (Figure 1 ) and were recorded with great precision ( Vangen, 1988; Alfonso, 1992; Jopson et al., 1995) . The areas of lean, fat, bone, skin, and free water components were quantified by using a Voxel Q workstation (Picker International Inc.). The total weight of each depot and tissue component was estimated from total volume and mean density. Total volume was determined by using the Cavalieri principle by multiplying the sum of areas in all images with the distance between each image, assuming a random sampling of parallel sections separated by a known distance (Gundersen et al., 1988) . Mean density was calculated relative to the density of water at 39°C (mean body temperature of pigs) from a function relating the Hounsfield unit value to tissue density (Fullerton, 1980) . There was a range in Hounsfield values for each body component, so the mean value for each component was used to generate mean densities of 1.1, 0.9, 1.9, and 0.6 for the lean, fat, bone, and skin components, respectively. For this paper, the sum of the weights of all the body components in each pig is referred to as CT BW, whereas the actual BW taken just before the CT scanning is referred to simply as BW at CT.
It should be noted that the lean component is made up predominantly of muscle tissue; however, cartilage and some digestive tract membranes are also included in this component. Second, the raw CT scan images aggregate the skin, the lungs, and parts of the digestive tract membranes as one tissue, what is reported in Differential growth and development of pigs this study as the true skin cover of the pig. This was achieved by electronically editing out the nonskin component of the CT image. Third, the CT scan could detect free, unbound water in the body. The mean (±SD) percentages of free water were 6.6 ± 0.7%, 7.6 ± 0.7%, 7.9 ± 0.6%, 8.1 ± 0.6%, and 8.1 ± 0.5% for the 30-, 60-, 90-, 120-, and 150-kg target BW, respectively. Approximately two-thirds of the free water was found among the layers of subcutaneous fat; the remainder was found in the alimentary tract and thus was not a discrete body component. Free water weight was included in the assessment of CT BW of the pig but was not modeled as one of the body components in the statistical analyses.
Statistical Analysis
A linear model was fitted to each of the body components by using REML procedures in GenStat Release 10 (Payne et al., 2007) . The model used included the fixed effects of sex or castrate status (3 levels), target BW (5 levels), and the sex or castrate status × target BW interaction. Random effects included replicate, the sex or castrate status × replicate interaction, animals, and residual. Least squares means were calculated for each sex or castrate status within a target BW, without adjustment for BW, because differences in BW between sex or castrate status for a particular target BW were found to be nonsignificant (P > 0.05) in a preliminary analysis.
Several equations were fitted to the data by using GenStat Release 10 (Payne et al., 2007) to evaluate the growth of the weight of each body component (Y, kg) to CT BW (x, kg). Derivatives of each function, referred to as marginal growth in this study, were used to evaluate the marginal growth of each component per unit change in CT BW. The equations were fitted separately for each sex or castrate status, because a target BW × sex or castrate status interaction existed (P < 0.05) for the majority of the variables evaluated. The fitted equations and their derivatives, which have been described in detail by Wagner et al. (1999) , are summarized in Table 1 . As with the study by Wagner et al. (1999) , the use of 700 kg as the value for c in the augmented allometric functions maximized the R 2 values and produced stable solutions for all the body components in this data set. The second exponential function Each of the body components was fitted with the 5 functions described. The R 2 values were calculated as the square of the correlation coefficient between the predicted (Ŷ i ) and observed values (Y i ) for each component. The RSD was calculated with the equation
where e i is the residual value for the ith observation, n is the number of observations, and p is the degrees of freedom in the model. The RSD of the 2 exponential functions were compared with the RSD of the linearquadratic and allometric functions. Only exponential equations with smaller RSD than both simpler functions (linear-quadratic and allometric) were considered. For the 2 main body components (lean and fat), the preferred function, which was nonlinear, was further enhanced by fitting to the data a nonlinear mixed effects model (Craig and Schinckel, 2001) as follows:
where x is the CT BW; c is a constant; b 0 , b 1 , and b 2 are the growth parameters; δ i is the random effect of the ith pig; and e it is the random error. Both random terms were assumed to have Gaussian (normal) distributions. Estimations were made by using R version 2.6.1 software (R Development Core Team, 2007) . The growth parameters for fat in gilts could not be estimated because of the data structure.
RESULTS
The means for BW and CT BW of the pigs at each of the target BW are presented in Table 2 . The correlation between BW and CT BW was close to unity (r = 0.99), indicating that CT scanning could accurately predict the BW of pigs. The sex or castrate status × target BW interaction was significant (P < 0.05) for all the body components, indicating that the developmental patterns were different among sex or castrate groups. Least squares means for the weight of the body components for sex or castrate status at different target BW are presented in Table 3 .
Growth and Development Models
Models describing the growth and development of lean, fat, bone, and skin components relative to CT BW of live pigs are presented in Table 4 . The preferred models are those with smaller RSD and greater R 2 values. The exponential function had consistently larger RSD than the simpler functions for each of the body components; hence, they are not presented. The predicted weights (using the preferred models) of each body component relative to CT BW are presented in Figure 2 . The shapes of the predicted curves for lean, fat, bone, and skin components relative to CT BW were generally similar among sex or castrate groups, with differences observed only in the slopes (b coefficients) of the curves (Figure 2 ).
For the lean component, the augmented allometric function provided a better fit than the allometric function. However, the nonlinear function provided a slightly better fit based on the R 2 and RSD. The marginal growth in the lean component, as described by the derivatives of each of the 4 functions, is presented for each sex or castrate status in Figure 3 . For each sex or castrate status, the allometric function produced a substantially different curve from the other functions for lean gain. The marginal growth in the lean component was greatest in boars, followed by gilts and then barrows. Table 1 . Formulae for models used in describing body component growth and development (Table 4) . Hence, the nonlinear function provided the best fit for fat. The marginal growth in fat was less in boars and greater in barrows (Figure 4) . The shape of the marginal growth of fat in the barrows is characterized by a pronounced curvature ( Figure 4C ).
The b 2 coefficient of the linear-quadratic function for bone was not significant in any sex or castrate group; hence, the simpler functions (linear-quadratic and allometric) provided a better fit (Table 4) . Based on the RSD and R 2 values, the allometric function provided a slightly better fit. Marginal growth in bone was greatest in boars ( Figure 5 ). For skin, the augmented allometric function provided a better fit than the allometric function, and its RSD and R 2 values were similar to those of the linear-quadratic and nonlinear functions ( Table  4 ). The selection of the best model was therefore not straightforward. For each sex or castrate status, the allometric function produced a substantially different curve from the other functions for relative skin gain ( Figure 6 ). The marginal growth curves for skin from the linear-quadratic and the nonlinear functions were virtually inseparable and had negative marginal growth at less CT BW in boars and gilts. A negative marginal growth in skin tissue of pigs under good nutrition and management is biologically not likely. For this reason, the augmented allometric function is preferred over the linear-quadratic or nonlinear functions, even though the 3 functions had similar RSD and R 2 values. The augmented allometric function is therefore presented in Figure 2 .
The growth and development of the 2 main body components, lean and fat, were best described by nonlinear models when using the standard models. For these 2 body components, the growth parameters were further refined by fitting nonlinear mixed effects models to the data. The growth parameters from the nonlinear mixed effects models are presented in Table 5 . Relative to the standard models (Table 4) , the use of the mixed effects models (Table 5 ) reduced the RSD values by approximately 50% for the lean components and by 70% for the fat components. This indicates that inclusion of the random effect of pig in the mixed models significantly improved the predictive power of the models. The marginal growth rates for the lean and fat components for each sex or castrate status when using the standard nonlinear as well as the nonlinear mixed effects models are presented in Figure 7 . For the lean component, the standard models appeared to be underestimating the marginal growth rates at less BW and overestimating them at greater BW. The under-and overestimation was more pronounced in gilts. Another important difference between the standard nonlinear and the nonlinear mixed effects models was in the marginal growth in the fat component. Whereas the barrows and boars achieved peak fat accretion rates at 120 kg of BW when the nonlinear mixed effects model was used, only the barrows had reached peak fat accretion rates (at 150 kg of BW) by the end of the study when the standard nonlinear model was used.
Growth Pattern and Sex or Castrate Status Effect
The weight of each of the 4 body components studied increased as CT BW increased (Figure 2) . Across sex or castrate status, percentage of lean (lean weight/CT BW) was greatest (67.2%) at the 30-kg target BW and continued to decrease to 53.4% at the 150-kg target BW. In contrast, percentage of fat was least (11.2%) at the 30-kg target BW and continued to increase to 22.6% by the 150-kg target BW. Percentage of bone decreased slightly across the target BW, from 10.7% at the 30-kg target BW to 8.3% at the 150-kg target BW. It should be noted that the bone component identified by CT scanning is true hard bone and does not include the soft, noncalcified ends of the bone, which includes most of the cartilage. The noncalcified ends are assessed as part of the lean component by the CT scan and are included in the lean component. Percentage of skin decreased from 4.9% at the target BW of 30 kg to 3.6% at the target BW of 90 kg, and then increased to 4.8% at the target BW of 150 kg.
In general, sex or castrate status differences in the weights of body components were minimal at the starting 30-kg target BW but increased with increasing target BW (Table 3 and Figure 2 ). The differences were larger and significant for lean and fat weights and smaller for bone and skin weights. For each target BW, apart from 30 kg, boars had greater lean weights than gilts, which in turn had greater lean weights than barrows (Table 3 ). This pattern of sex or castrate differences in lean weight was reversed in fat weight. Barrows had the greatest weight of fat, followed by gilts and then boars. A similar pattern of sex or castrate differences 2 RSD = residual SD. *P < 0.05; **P < 0.01; ***P < 0.001 (the probability of a coefficient being different from zero).
Differential growth and development of pigs was observed in the marginal growth for the different body components, with boars having the greatest rates in lean gain (Figure 4 ) and the least in fat gain ( Figure  3) . From the marginal growth rates of the nonlinear mixed effects model (Figure 7) , the BW at which the greatest fat accretion rates were achieved did not appear to be influenced by sex or castrate status (boars and barrows only, because gilt data could not modeled) because both achieved it at 120 kg of BW.
DISCUSSION
The great accuracy in predicting BW by CT scanning in this study also implies a great degree of accuracy in estimating the body component weight by CT, given that CT BW is obtained by summing the CT estimated weights of the body components. A review by Szabo et al. (1999) on imaging techniques showed that CT scanning resulted in a great degree of accuracy in estimating the body composition of pigs in vivo. Relative to the traditional serial slaughter and dissection approach, smaller numbers of pigs are required with CT scanning for obtaining body composition growth, because the same pigs are used throughout the experiment. The authors are aware of only the study by Kolstad (2001) in which serial CT scanning was used to study growth and development of the body composition in pigs. In that study, only the different depots of fat Figure 2 . Growth of lean, fat, bone, and skin components of live boars (■), gilts (•), and barrows (▲), as assessed by computed tomography (CT). Lean, fat, and skin were fitted to nonlinear functions, and bone was fitted to allometric functions of CT BW. were reported, but in a subsequent publication, Knap et al. (2003) used the CT data in a report on growth modeling. Although the breeds used by Kolstad (2001) were different, the mean weights of total fat of the Norwegian Landrace and Duroc pigs were similar to those in the current study at comparable BW.
Allometric functions are widely used to describe growth in terms of part-to-whole (e.g., lean-to-BW) relationships, because they have simple linear solutions, have simple, stable derivatives, and have easy-to-understand biological interpretations (Wagner et al., 1999) . The allometric function considers that, as BW increases, the weight of a body component also increases, stays constant, or decreases when the b 1 coefficient is greater than 1, equal to 1, or less than 1, respectively. Studies on allometric growth in pigs have generally used the weight of the components in the empty body (i.e., BW minus gut fill) or in the carcass (Shields et al., 1983; Wagner et al., 1999) . This study was based on the live pig; hence, the weight of the components in the whole body (including viscera and gut contents) was used. The results, however, are still in general agreement with published reports (e.g., Gu et al., 1992; Kouba et al., 1999; Kolstad, 2001; Whittemore et al., 2003) that bone and skin have b 1 coefficients less than 1, muscle has a b 1 coefficient equal to or slightly less than 1, and fat has a b 1 coefficient of greater than 1.
The R 2 and RSD values for the different functions fitted to the data indicate that all 4 functions had a good fit to the data, with the nonlinear ones being slightly better. As indicated by Schinckel and de Lange (1996) and by Wagner et al. (1999) , sometimes it is by examining the predicted marginal growth rates that the biologically incorrect functions can be uncovered. The use of allometric functions assumes that the ratio of the relative growth rates of the whole (e.g., CT BW) and the part (e.g., fat) are constant throughout growth. Although this assumption may be true when dealing with a narrow range in BW (e.g., from 120 to 150 kg), several reports on growth and development in pigs have shown that over a broad range in BW (e.g., 30 to 150 kg), as was the case in this study, this assumption is not always correct (Shields et al., 1983; White et al., 1995; Wagner et al., 1999) , and they confirm the reservations expressed by Evans and Kempster (1979) on the use of allometric functions. It should be noted that although, in general, the augmented allometric and the generalized nonlinear functions provided a better fit to the data relative to the allometric functions, they may be more difficult to fit and less stable in small data sets. Wagner et al. (1999) reported growth and development models on several body component variables for gilts and barrows. The descriptions of the body components were not the same as those used in the current study because of differences in methodologies for measuring the body component weights; however, some of the components are comparable. The fat-free lean, fat, and bone components in that study are the closest body components to lean, fat, and bone in the current study, whereas the skin component should be similar in both studies. In both studies, the R 2 values for the models evaluated were large, with the skin component having the smallest values. In both studies, the augmented allometric and nonlinear models had a very good fit to the skin data. However, in the current study, the predicted marginal growth for skin, when using the nonlinear function, produced negative growth rates at less CT BW in boars and gilts. A negative marginal growth in skin tissue of pigs under good nutrition and management is biologically unlikely; therefore, the augmented allometric function is preferred. The nonlinear model provided the best fit for fat-free lean in that study, and it was also the preferred model for the equivalent component (lean) in the current study. Whereas bone growth in the study by Wagner et al. (1999) was best described by a nonlinear curve, in the current study, the simpler allometric function provided the best fit. This difference in the results from the 2 studies is likely because in carcass dissection (as used in Wagner et al., 1999) , the cartilage is included as part of the bone, whereas the CT scan classifies only true calcified portions as bone, and the softer cartilaginous ends are included with the lean component. It is worth noting that in Wagner et al. (1999) , the growth of the ash component was best described by a linear function, and bone is the predominant constituent of the ash fraction of the proximate analysis of animal carcasses.
The pattern for sex or castrate status differences in body composition observed in this study is consistent with published reports (e.g., Kouba et al., 1999; Wagner et al., 1999) on pigs of similar BW, in which body composition was obtained through traditional carcass dissection. Results from a study by Wiseman et al. (2007) indicate that, at lighter BW, the percentage of lean tissue increases with an increase in BW, before the pattern changes at approximately 60 kg of BW, after which the percentage of lean tissue decreases with an increase in BW. In the current study, the percentage of lean component decreased as the CT BW increased from the beginning of the study. It is possible that because the pigs in this study were more than 70 kg at their second weighing, it was not possible to observe the growth pattern in percentage of lean that the results from Wiseman et al. (2007) seemed to indicate.
We are not aware of any studies in differential growth and development in pigs in which a nonlinear mixed effects model has been used. This could be because the mixed model version of common growth functions in pigs has only recently been developed (Craig and Schinckel, 2001; Schinckel and Craig, 2002) , and also that most differential growth studies have been done through serial slaughter; hence, body composition data on a pig are available at only 1 BW, and not at several BW, as in this CT scan study. The differences between the standard nonlinear and the nonlinear mixed effects models in relation to the predicted marginal growth are worth noting. For example, if the standard nonlinear model were used instead of the nonlinear mixed effects model to predict the nutrient requirements for lean growth in gilts, it would result in underestimation of the daily nutrient requirements (especially AA) from Growth parameters for fat in gilts were nonestimable because of the data structure. where Y = component weight (kg); c = a constant; δ i = the random effect of the ith pig; and x = CT BW (kg).
*P < 0.05; ***P < 0.001 (the probability of a coefficient being different from zero).
30 to 70 kg of BW, and in overestimation of requirements from 100 to 150 kg of BW. To predict responses to management strategies on growth and development in pigs, accurate mathematical models are required. These results indicate that the nonlinear (e.g., augmented allometric and generalized nonlinear) functions provided better descriptions of the growth and development of most body components of the live pig compared with the simpler (e.g., linear and allometric) models. Second, a random effect of pig should be included in the nonlinear model, if possible. Although the data from this study were from CT scanning, the great accuracy of this imaging technology means that the results and models from this study have general application in the development of optimal pig production systems.
